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Abstract 


This study investigates the phenomenon of water freezing below the freezing point in polymer electrolyte fuel cell (PEFCs). Water generated 
on the surface of the catalyst layer was observed simultaneously with visible and infrared images. Surprisingly, it was found that water generated 
below the freezing point is in the liquid state and that the temperature rises to 0°C at the time of freezing. It is generally known that heat of 
solidification is radiated when water in a super-cooled state starts to freeze. This study shows that water generated below the freezing point in 


polymer electrolyte fuel cells (PEFCs) is in a super-cooled state. 
€ 2006 Published by Elsevier B.V. 
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1. Introduction 


Understanding the mechanism of water freezing is critical 
to achieving high performance and longevity of polymer elec- 
trolyte fuel cells (PEFCs) for cold starts. Below the freezing 
point, generated water freezes in the PEFC. If the pores in the 
catalyst layer and gas diffusion layer are filled with ice, or if the 
catalyst layer surface is clogged by ice to such an extent that 
the transport of reactant gases to the electrodes is hindered, sub- 
stantially decreased cell performance results and mass transport 
limitation due to freezing occurs. 

Saito and Hayamizu [1] recently showed that water in a proton 
exchange membrane freezes below —15 °C. However, the freez- 
ing temperature of generated water below the freezing point has 
not been investigated. Nakamiya et al. [2] showed that many ice 
particles existed on the catalyst layer surface when they took 
apart a fuel cell and observed the catalyst layer surface after 
power generation below the freezing point. However, details 
about the freezing mechanism are still unknown. Moreover, no 
one has described the series of physical processes leading to 
water freezing in PEFCs. 
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Prior experimental efforts to probe the water distribution 
and the temperature change of water in an operating PEFC 
have included neutron radiography [3—5], optical visualization 
using transparent fuel cell [6,7], and temperature measurement 
using thermocouples [8] and thermograph [9]. However, these 
diagnostic tools do not allow observation of both visible and 
thermal images simultaneously. For the purpose of investigat- 
ing the behavior of generated water in PEFCs at temperatures 
of 0?C or less, a system was developed that enabled us to 
observe generated water using both visible and thermal images 
simultaneously. 

The results provided by this measurement system indicate 
that water in a liquid state was generated on the surface of the 
catalyst layer when the fuel cell was operated below the freezing 
point. Surprisingly, the water temperature remains below the 
freezing point. 

Furthermore, the temperature of the generated water rose 
to 0°C when the generated water began to solidify. This phe- 
nomenon was identical to that for the freezing of super-cooled 
water, leading us to discover that when operating a fuel cell 
below the freezing point, water is generated in a super-cooled 
state. This study shows for the first time ever that it is possi- 
ble to operate a fuel cell under nonfreezing conditions below 
the freezing point if the generated water can be maintained in a 
super-cooled state. 
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Fig. 1. Experimental set-up to visualize liquid water transport and infrared radiation simultaneously. 


2. Experiment 


The experimental set-up of the temperature measurement sys- 
tem for generated water is shown in Fig. 1. A cold mirror was 
installed outside the fuel cell to split the transmission into vis- 
ible and infrared spectrums. The separator on the cathode side 
was made from visible and infrared ray transmission material 
(sapphire glass). 

The temperature of the water was measured using thermal 
imaging, while the behavior of the water was observed using a 
microscope under appropriate illumination. The gold mesh was 
used for the current corrector and the gold mesh temperature was 
not measured accurately because of the difference of radiation 
rate between gold mesh and water. 

This measurement system enabled simultaneous real-time 
observation of the fuel cell water during power generation using 
both visible and infrared images. 

In the present tests, the total active area of the cell was 1 cm? 
as defined by gaskets. Pure hydrogen and air were used as the fuel 
and oxidant, respectively. The cell was operated at atmospheric 
pressure (0 kPa) for both the fuel and the air. 

Fig. 2(a) shows the temperature error measurement model. 
The water temperature was measured by the thermograph and 
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thermocouple. Fig. 2(b) shows the measurement error of the IR 
temperature from the temperature measurement with the ther- 
mocouple (wire: type K). Based on this test, it was confirmed 
that the water temperature error (TThermocouple — Tir) was less 
than +1 °C. 

In the present experimental set-up, a microscope and thermo- 
graph are unable to cool down below the freezing point because 
of their heat-resistant temperatures. Therefore, a device to cool 
only the test cell was needed. A Peltier element was used to 
cool only the test cell (Fig. 1). The Peltier element was placed 
against the separator on the anode side, the fuel cell was cooled 
with the Peltier element, and the cell then compressed with the 
Peltier element using a pressure jig. The cell was kept constantly 
cool by the Peltier element during power generation; therefore 
the thermal energy produced in the catalyst layer did not lead 
to a rise in the separator temperature. The temperature change 
of the actual fuel cell is such that, if the fuel cell generates 
power below the freezing point, the temperature of the separator 
will rise due to thermal energy from the catalyst layer. In the 
present experiment, however, the temperature of the separator 
was kept constant. In the present power generation situation, 
the cell was cooled more than would be the case for an actual 
cell. 
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Fig. 2. (a) Temperature error measurement model. (b) Measurement error of the IR temperature from the thermocouple temperature. 
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Fig. 3. Water droplets generated on catalyst layer surface at —10°C. 


3. Results and discussion 


Under power generation condition, the membrane electrode 
assembly was cooled to —10°C using the Peltier element and 
the voltage was fixed at 0.5 V. The behavior of water generated 
on the catalyst layer surface is shown in Fig. 3. In the first 380 s, 
liquid water was generated as the current density increased, the 
water then subsequently froze. As can be seen in the current 
profile in Fig. 4, it appears that cell performance drops when the 
generated water freezes. 

This indicates that water generated in the fuel cell does 
not freeze immediately on the catalyst layer below the freez- 
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ing point. Furthermore, it also suggests that the water moves 
in the liquid state to the surface of the catalyst layer and then 
freezes. In general, transfer of the water in the catalyst layer is 
assumed to be in a vapor phase. However, the liquid water trans- 
fers on the catalyst layer was observed below freezing point. It 
is considered that the low saturated vapor pressure at —10°C 
is the chief factor generating the liquid water. And it is esti- 
mated that the liquid water elimination was caused by Laplace 
pressure. 

The temperature measurement results of the generated water 
droplets are shown in Fig. 5. It can be seen that the temperature 
is always sub-zero from the point water is generated until the 
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Fig. 4. Cell performance and water generation. 
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Fig. 5. Liquid water freezing and solidification heat radiation. 
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Fig. 6. Behavior of super-cooled water droplets at — 10?C. 
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Table 1 

Maximum temperature of water droplets at time of freezing 

Point Maximum temperature (°C) 
A —0.1 

B —0.1 

C —1.2 

D —1.2 

E —2.2 


point it freezes. It also indicates that the temperature rises sig- 
nificantly at the moment the water freezes. It is generally known 
that when water in a super-cooled state begins to freeze, heat of 
solidification is emitted and the temperature rises to 0°C [10]. 
The present study, therefore, confirms that the phenomenon that 
results in this temperature rise at the moment generated water in 
a fuel cell is frozen is the same phenomenon that causes super- 
cooled water to freeze. Therefore, when a fuel cell is operated 
below the freezing point, it is expected that water in the liquid 
state generated on the catalyst layer surface is in a super-cooled 
state. 

Table 1 shows the temperature of the water droplets shown 
in Fig. 5 (points A-E). Point B (—0.1°C) is the highest tem- 
perature among the five points. Point E shows the lowest tem- 
perature, with a high of —2.2?C. It was confirmed that the 
highest temperature of these water droplets at the time of freez- 
ing is not constant. The temporal resolution of the thermograph 
in the present experiment was 1/30s. It is therefore expected 
that the peak temperatures of points C-E were not measured 
accurately because the temporal resolution of the thermograph 
was insufficient to measure the instant radiation of the heat of 
solidification. 

Fig. 6 shows the growth in size of water droplets generated 
in the super-cooled state. The diameter of the water droplets is 
approximately 10 jum when generated. The droplets then freeze 
after growing to a diameter of approximately 100 jum. As the 
decreasing number of water droplets grow, they absorb nearby 
smaller water droplets to become larger and fewer. And the 
super-cooled state did not break when these physical movements 
occurred. 


Generally, the smaller the size of the water droplets, the more 
easily the super-cooled state is maintained [11]. The present 
results of fuel cell water freezing correspond to this fact of super- 
cooled water freezing. Shichiri et al. [12,13] describe how the 
bursting of air bubbles is the reason for the breakdown of the 
super-cooled state. However, no burst air bubbles were observed 
in this experiment. What actually triggers super-cooled water to 
freeze in PEFCs is therefore still unknown. 


4. Conclusions 


Water is generated in the liquid state when a polymer elec- 
trolyte fuel cell (PEFC) is operated below the freezing point at 
—10°C. The temperature of the generated water was measured 
and found to be below the freezing point. Moreover, the temper- 
ature of the generated water rose to 0°C when the water began 
to solidify. This phenomenon matches that seen in the freezing 
of super-cooled water, leading us to discover that when a fuel 
cell is operated below the freezing point, water is generated in 
the super-cooled state. 
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